Abstract-Electrothermal (ET) plasma discharges have application to mass acceleration technologies relevant to military ballistics and magnetic confinement fusion reactor operation. ET plasma discharges are initiated in capillary geometries by passing large currents (order of tens of kiloamperes) along the capillary axis. A partially ionized plasma then forms and radiates heat to the capillary walls inducing ablation. Ablated particles enter the capillary plasma source and cause a pressure surge that can propel pellets to velocities exceeding 2 km/s. These devices present several advantages over other mass accelerator technologies due to their simple design and ability to achieve high projectile launch frequencies. In order to investigate the operation of ET plasma discharges in more detail than previously possible, a 2-D, multifluid model has been developed to simulate the plasma-fluid dynamics that develop in these devices during operation. In this paper, the 2-D simulation model is used to investigate the effect of source geometry and current density on discharge characteristics. Peak pressure and electric field magnitudes for pulsed discharge operation are shown to scale well with theoretical and empirical scaling laws for steady-state discharge operation. The pulse shape of the source internal pressure is shown to change significantly with increasing source radius. The behavior of other plasma parameters is investigated. In addition, observations of the departure from the ablationcontrolled arc regime are presented. This analysis suggests that, for the current pulse length investigated, source radii higher than 4 mm require significantly more current density in order to produce sufficient ablation to stabilize the plasma discharge.
I. INTRODUCTION
E LECTROTHERMAL (ET) plasma discharges produce partially ionized plasma inside a capillary geometry called a source. Typical source radii are on the order of millimeters and lengths are on the order of centimeters. Large electric currents (order of tens of kiloamperes) are passed through the source in order to initiate the plasma. The electric Fig. 1 . ET plasma source schematic (not to scale). An electric current is driven through the plasma channel from the cathode to the anode. The plasma arc forms and radiates heat to the source liner. The liner material ablates, and ablated particles act to cool and stabilize the plasma arc. The partially ionized plasma is then ejected from the open end of the source into and acceleration barrel (not shown).
current is typically pulsed, and pulse lengths are usually on the order of hundreds of microseconds. Radiant heat flux from the plasma core incident on the liner material (i.e., capillary wall) induces ablation. The ablated vapor is cold relative to the plasma arc and convectively cools the arc. As ablated particles fill the plasma source, plasma is ejected out of the open end of the source usually into an acceleration barrel. A schematic of an ET plasma source is shown in Fig. 1 .
ET plasma discharges have been widely studied and applied to various mass acceleration technologies. These discharge devices have been used to preinject plasma armatures into magnetic rail guns in order to gain better control of armature properties [1] , [2] . ET plasma discharges have also been used to provide the sole means of acceleration for projectiles in small-caliber weapons [3] . A significant amount of research has been performed in the area of ET chemical (ETC) guns [4] - [8] . ETC guns use an ET plasma discharge in order to ignite solid propellant in a combustion chamber. ETC guns provide significant advantages over conventional 0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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ballistic devices due to decreased ignition delay times and more consistent ignition times [5] . The concept of using an energetic ET source, where the ablating liner material is an energetic fuel, has recently been explored in connection with mass acceleration [9] . ET plasma discharges are also applicable to magnetic confinement fusion technology as pellet injector systems [10] - [13] and experimental high heat flux sources [14] - [16] . Pellet injection in magnetic confinement fusion reactors accomplishes plasma core fuelling [17] , edge localized mode control [18] , disruption mitigation [19] , and thermal quench of the fusion plasma [20] . The capabilities of ET plasma discharges to achieve the required pellet velocities as well as high pellet launch frequencies have been demonstrated computationally [13] . Components inside future magnetic confinement fusion reactors will experience large heat fluxes during operation. The performance of tungsten under these high heat fluxes has recently been investigated using an ET plasma source [16] .
Simulation and modeling capabilities of pulsed ET plasma discharges have been limited to 1-D models in recent years [21] - [23] . The validity of 1-D models relies on small aspect ratios (i.e., the ratio of the capillary radius to its length). Most experimental and computational work has focused on these small aspect ratios ranging from 0.017 to 0.025 [13] , [23] . As researchers and scientists seek to leverage the advantages of ET plasma discharges, the need to understand the behavior of these devices when operated under different geometric configurations increases. The behavior of ET plasma discharge sources at higher aspect ratios has not been studied in much detail due to the limits of the simulation and modeling capabilities. In order to investigate the behavior of ET plasma discharges at higher aspect ratios, a fully 2-D model of the discharge needs to be employed.
II. THOR: A FULLY 2-D MODEL FOR
ET PLASMA DISCHARGES To address the need for a 2-D model of a pulsed ET plasma source, the three-fluid, 2-D ET plasma flow simulator (THOR) has been developed. The governing equations used in the THOR model and code have been presented previously [24] and are summarized in this section. THOR simulates the time evolution of the electron, ion, and neutral species. The electrons are simulated using the drift-diffusion approximation, and the ion and neutral species are simulated with separate sets of the Euler gas-dynamic equations. It is assumed that the dominant interactions between the three species are ionization, recombination, collisional drag, and collisional heat exchange. The complexities of the chemical interactions have not been included in this paper. Based on the findings of Esmond and Winfrey [24] , charge exchange effects have been neglected in this paper. A first approximation to the electric field based on Ohm's law is currently implemented. The plasma electrical conductivity, σ , is evaluated using the equation
where σ en is the electron-neutral conductivity, σ ei is the electron-ion conductivity [25] , m e is the electron mass, n e is the electron number density, e is the elementary charge, ν en is the average momentum transfer collision frequency between the electron and neutral species, andν ei is the average momentum transfer collision frequency between the electron and ion species.ν en is approximated using a hard-sphere approximation, andν ei is evaluated according to the procedure recommended by Zaghloul et al. [26] . It should be noted that the effects of multiple ionization states have not been included in this paper. The radiation heat transfer from the plasma to the ablating surface is modeled using a black-body radiation approximation. Simulation results from the THOR code have been verified and validated [24] . Validation was performed by comparing simulation results with experimental measurements for ET plasma discharges with a source radius of 2 mm. In this paper, the THOR model and code are used to explore the effect of increasing source radius on plasma parameters inside a pulsed ET plasma discharge.
III. REVIEW OF THEORETICAL AND EMPIRICAL SCALING LAWS
Scaling laws for ET plasma discharges and similar devices have been developed in the past, and are reviewed in this section. The primary authors who have contributed to this effort are Niemeyer [27] and Ibrahim [28] , [29] . Capillary plasma discharges (a.k.a. ET plasma discharges) have also been referred to as evaporation or ablation-dominated highcurrent arcs. Both Niemeyer [27] and Ibrahim [28] , [29] considered steady-state discharge operation in a capillary geometry open at both axial ends. As will be considered in Section IV, the scaling laws developed by Niemeyer [27] and Ibrahim [28] , [29] are also applicable to the subject of this paper, namely, a pulsed discharge open only at one axial end.
Niemeyer [27] developed theoretical scaling laws for key parameters in capillary plasma discharges. His scaling laws were validated primarily by the measurement of the electric field strength for a variety of source liner materials and current densities. Niemeyer [27] conducted experiments with source liner materials including ceramics, metals, and polymers. Niemeyer's experimental capillary geometries were 0.5-2 mm in radius, and 1-20 mm in total length. His scaling laws for the electric field strength and pressure are given by
where E z is the electric field strength, I is the input current, R is the source radius, is the source half length, and P is the pressure.
Ibrahim [28] , [29] developed semiempirical scaling laws backed by more extensive measurements. Ibrahim [28] , [29] used a polymethylmethacrylate liner material that was transparent in order to take photographic, spectroscopic, and radiative measurements of the arc emissions from the discharge channel. He used two different geometries, one with Normalized input current pulse. Current pulse is scaled in order to reach specific peak currents and corresponding peak current densities. The length of the current pulse has been held constant in this paper.
15 cm length and 3 mm radius, and one with 20 cm length and 5 mm radius. His semiempirical scaling laws for electric field strength and central pressure are given by
where j is the current density in units of A/cm 2 .
Niemeyer [27] predicted that the pressure and electric field scale more strongly with current density compared with Ibrahim's predictions. This difference may be due to a variety of causes including the fact that Ibrahim [28] , [29] used a transparent liner material. The use of a transparent liner material would allow radiative energy to be released that otherwise would have gone into ablating the liner material and increasing the discharge pressure. Similar reasoning could be employed to explain the weaker scaling of the electric field in the case of Ibrahim's predictions.
IV. RESULTS
The THOR simulation code was used to perform simulations of ET plasma sources with a range of current pulses and source radii. The source length was held constant for this study at 9 cm, and the source liner material simulated was Lexan, or (C 16 H 14 O 3 ) n . The initial pressure used for the simulations was 0.5 bar. The limitations of the modeling techniques used prevented initialization at a lower pressure, however, the initial pressure used here allows for a first approximation of the behavior of the discharge over the course of its operation. Current pulses are used as simulation inputs. For this paper, a single current pulse was used and scaled up to reach required peak currents and corresponding peak current densities. The normalized current for each input current pulse used in this paper is shown in Fig. 2 . The source radii simulated were 2, 2.5, 3, 3.5, 4, 5, and 6 mm. The peak currents simulated were 10, 20, 40, 60, 80, 120, 150, and 200 kA. Each simulation was Simulated source radius versus the peak current density. Each simulation reported in the this paper is represented by a single marker. Peak internal pressure was taken from the simulation results at the source centerline and 3 cm from the source opening. Contour lines indicate peak discharge current used in the simulation. Bold, dashed lines indicate qualitative separations between operating regimes discussed further in Section V.
carried out on a computational grid with z = 4.0 × 10 −4 m and r = 1.67×10 −4 m. The simulation parameters of source radius and peak current density used in this paper are presented in Fig. 3 . Peak simulated internal pressure in the ET plasma source is also reported in Fig. 3 for each simulation.
In Fig. 4 , simulated results for the peak internal pressure and electric field strength are compared with the scaling laws developed by Niemeyer [27] and Ibrahim [28] , [29] (see Section III). Internal pressure and electric field strength are recorded from the simulation results at the source centerline and 3 cm from the source exit. The THOR simulation results for peak internal pressure show good agreement with the scaling predictions of Niemeyer [27] . It is interesting to note this agreement between the THOR simulation results and Niemeyer's predictions due to the fact that Niemeyer's work only considered steady-state operation of a discharge open at both axial ends, while THOR is used to simulate a pulsed discharge open at one axial end. The THOR simulation results for the peak electric field strength scale well with the predictions made by Ibrahim [28] , [29] . A closer investigation of the measurements reported by Niemeyer [27] shows that the scaling of the electric field strength can vary based on the liner material used in the discharge. Niemeyer's measurements for the electric field strength in a polyethylene discharge show weaker scaling with the current density than is reflected in his derived scaling law. As indicated in Fig. 4 , Ibrahim's experiments of a polymethylmethacrylate discharge also indicate weaker scaling with current density than Peak internal pressure and electric field strength predicted by the THOR simulation code at varying peak current densities. The internal pressure and electric field strength were taken from the simulation results at an axial distance of 3 cm from the source exit. Scaling laws developed by Niemeyer [27] and Ibrahim [28] are also plotted as dashed and solid lines, respectively. The range of current densities for which experiments were performed by these authors is indicated on the plot along with the range of simulated current densities using the THOR code. predicted by Niemeyer [27] . Therefore, it is not surprising that the THOR simulation results for Lexan discharges show scaling of the electric field strength aligning better with that of Ibrahim [28] , [29] due to the similarity in the materials used.
A. Effect of Increasing Source Radius on Pulsed ET Plasma Discharge Parameters
The THOR simulation code has been used to simulate pulsed ET plasma discharges for a range of source radii and peak current densities (see Fig. 3 ). In order to investigate the effect of increasing the source radius on plasma parameters, six simulations with peak current densities of 3.2 kA/mm 2 were analyzed in detail. These six simulations represent source radii ranging from 2 to 5 mm. The time history of the total internal plasma pressure developed inside the ET plasma source for these six simulations is shown in Fig. 5 . Fig. 5 illustrates a change in the behavior of the internal pressure as the source radius increases. For a source radius of 2 mm, the internal pressure pulse demonstrates a wider profile in the time domain. As the source radius increases, the profile in the time domain becomes narrower. The 2.5 and 3 mm radius simulations indicate transition profiles between the wide and narrow pressure profiles. These pressure characteristics will play an important role in the functionality of an ET plasma discharge when being used as a launching device. The change in the behavior of the internal pressure is due to the lower Fig. 5 . Time history of the total internal pressure inside the ET plasma source during simulation. Internal pressure is recorded at the source centerline and 3 cm from the source exit. Simulation peak currents and source radii are indicated in the legend. The peak current density achieved for each simulation is 3.2 kA/mm 2 . Fig. 6 . Temporal variation of the internal neutral species' temperature during discharge simulation. The neutral species' temperature is indicative of the plasma temperature. The temperature is recorded at the source centerline and 3 cm from the source exit. Legend indicates peak discharge currents and simulated source radii.
densities that are developed inside the source due to larger source radii.
The time history of the internal neutral species' temperature is shown in Fig. 6 . The THOR simulation results predict a fast rise and fall in the temperature in the first 10 μs of the discharge. This fast rise and fall in temperature is consistent with the findings of a previous study, and is due to low initial plasma density [30] . This low initial plasma density allows the plasma species' temperatures to increase quickly as the plasma is ohmically heated by the input current flowing through the device. As the discharge progresses, the fast temperature rise is checked by the increase in the plasma density caused by the ablation in the device. Overall, the THOR simulation code predicts higher internal/core temperatures at larger source radii during the first 60 μs of the discharge. The prediction of higher core temperatures is due to the lower densities that develop at the plasma core for larger source radii.
The radial distributions of the neutral species' temperature for the different source radii are shown in Fig. 7 for a simulation time of 30 μs. Fig. 7 shows that the temperature variation over the source cross section is higher at larger source radii. These larger temperature variations for larger source radii are a result of the increase in the physical distance between the plasma core, where a significant portion of the ohmic power is deposited, and the ablating surface. The ablating surface absorbs thermal energy and introduces cold, ablated particles into the flow. It is interesting to note that the average temperature over the geometric cross sections represented in Fig. 7 varies from 2.6 to 2.9 eV. This suggests that the average temperatures over the geometric cross section are similar for similar peak current densities. Analysis of only the plasma core temperature (as shown in Fig. 6 ) leaves out these details.
B. Observations of Departure From the Ablation-Controlled Arc Regime
In a foundational work on capillary plasma discharges, Ruchti and Niemeyer [31] call these types of discharges Fig. 8 . Time history of the internal neutral species' temperature illustrates the onset of ablation cooling inside four simulations of an ET plasma discharge. The temperature is recorded at the source centerline and 3 cm from the exit of the source. Each simulation was produced with the same current pulse but differing source radii. Early onset of ablation cooling occurs for the 2-and 2.5-mm radius simulations. However, for 4-and 5-mm radius, late onset of ablation cooling occurs.
ablation-controlled arcs. These authors explain that ablation acts to cool and stabilize the arc as it forms inside the capillary channel. This language is especially helpful as the simulation results obtained using the THOR model and code are analyzed, especially in the case of the lower current densities considered. A close inspection of Fig. 4 reveals that at lower current densities, there is more spread in the simulation data. As will be discussed in this section, this spread in the data is attributed to a departure from the ablation-controlled arc regime. The THOR simulation code is not equipped at this time to accurately model some of the phenomena occurring after the departure from the ablation-controlled arc regime. However, THOR simulation results are used in this section in order to make qualitative observations about the behavior of the discharge under these conditions.
In order to investigate the behavior of an ET plasma discharge at low current densities, four simulations are investigated in detail. Each of these simulations was conducted using an input current pulse peaking at 20 kA. The simulated source radii for these simulations were 2, 2.5, 4, and 5 mm. These simulations correspond to peak current densities ranging from 1.6 to 0.25 kA/mm 2 . The time history of the internal neutral species' temperature for these four simulations is shown in Fig. 8 . Each simulation represented in Fig. 8 demonstrates a fast rise in temperature in the first 10 μs. As the plasma temperature increases, ablation of the source liner material is induced. For the 2-and 2.5-mm source radii [ Fig. 8(a) ], the induced ablation cools the plasma early in the simulation. However, for the 4-and 5-mm source radii simulations [ Fig. 8(b) ], the onset of the ablation cooling occurs much later in the simulation. This late onset of ablation cooling is an indication that the discharge is not sufficiently controlled by the ablation process. Operating in the ablation-controlled arc regime is desirable because of the more reliable operating characteristics and more efficient conversion of electric energy to ablated material.
A qualitative illustration of the behavior of these discharge simulations is shown in Fig. 9 . Fig. 9 (a) and (b) shows stable operation for discharge simulations with source radii of 2 and 2.5 mm. However, in the larger source radii simulation results shown in Fig. 9 (c) and (d), pockets of high plasma temperature within the domain are shown. These significant, local variations in temperature support significant variations in the time domain as the simulation progresses. The lack of discharge stability is indicative of insufficient ablation to cool and stabilize the plasma core in the 4-and 5-mm source radius simulations. The peak current densities achieved for these simulations were 0.4 and 0.25 kA/mm 2 . When operating in steady state, it is expected that discharges at similar current densities would eventually stabilize. But these results indicate that, for a pulsed ET system, higher current densities are required to operate ET plasma discharges in the ablation-controlled arc regime. The simulation results presented in this paper can be used to estimate the required peak current densities for certain geometric configurations of a pulsed ET plasma source. This is discussed in more detail in Section V.
V. DISCUSSION AND CONCLUSION
A 2-D model and code have been developed for pulsed ET plasma discharges. The model and code are called THOR. THOR has been developed in part to understand the effects of source geometry on discharge operating characteristics.
Thorough understanding of these characteristics will aid engineers and scientists in the design, operation, and implementation of these devices as mass acceleration systems.
Pulsed operation of ET plasma discharges has been simulated for a range of source radii and peak current densities (see Fig. 3 ). Both the internal source plasma pressure and electric field strength scale well with the scaling laws developed by Niemeyer [27] and Ibrahim [28] , [29] (see Fig. 4 ). This affirms that pressure and electric field scaling laws for steadystate discharges open at both ends are appropriate for pulsed discharge systems open at one end.
ET plasma discharge pressure pulses at varying source radii have been analyzed and shown to change significantly as the source radius increases. These variations have been illustrated for different source radii at a simulated peak current density of 3.2 kA/mm 2 (see Fig. 5 ). Simulation results indicate that larger source radii produce pressure pulses that are narrower in the time domain. This behavior is expected due to the lower densities that develop in the source at larger source radii. But this behavior is important for the design of these systems as mass accelerators.
The time variations of the simulated internal neutral species' temperature have been investigated for varying source radii with a simulated peak current density of 3.2 kA/mm 2 . Larger radii tend to develop higher core temperatures due to lower core densities (see Fig. 6 ). However, the radial distributions of the plasma temperature reveal lower temperatures developing near the ablating surface for larger source radii (see Fig. 7 ). The results indicate that the average temperature over the source cross section is roughly similar for different source radii at similar current densities.
The departure from the ablation-controlled arc regime has been qualitatively investigated. While the THOR simulation code is not equipped at this time to accurately simulate all the nonequilibrium effects that arise when operating outside the ablation-controlled arc regime, qualitative observations can still be made regarding general discharge characteristics. As may be expected, low current densities and larger source radii encourage the departure from the ablation-controlled arc regime. Some of the qualitative effects of this departure have been presented (see Fig. 9 ). A qualitative investigation of the simulation results reveals the operating parameters corresponding to a transition region, where pulsed ET plasma discharge operation departs from the ablation-controlled arc regime. This qualitative estimation of these operating parameters for this transition region is illustrated in Fig. 3 . The transition region for the departure from the ablation-controlled arc regime is shown to be dependent on current density and source radius. The results presented in this paper focused on a discharge current pulse with different peak currents but the same pulse length. It is expected that increasing the pulse length will expand the ablation-controlled arc region in Fig. 3 to include more source radii and current densities. An analysis of the effect of increasing the pulse length on this transition region has been put off to a later date.
The analyses presented in this paper were made possible by the novel 2-D modeling and simulation capabilities made available by the development of the THOR simulation code. Estimations and expected behavior of plasma parameters for a range of source geometric configurations have been presented. In addition, the transition from the ablation-controlled arc regime at low current densities and large source radii has been observed qualitatively. The results of this paper are very valuable to engineers and scientists seeking to develop and refine designs for ET plasma launchers.
